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ABSTRACT

Nuclear fission and nuclear safeguards have
much in  common, fincluding the basic physical
phenomena and technologies involved as well as
the commitments and challenges posed by expanding
nuclear programs in many countries around the
world., The unique characteristics of the fission
process--such as prompt and delayed neutron and

gamna ray emmisiorn..-not only provide the means
of sustaining and controlling the fission chain
reaction, but also provide unique "signatures"

that are essential to quantitative measurement
and effective safeguarding of key nuclear materi-
als (notably ?39Pu and 2%8U) against theft, loss,
or diversion, In this paper, we trace brlefly
the historical emergence of safeguards as an
essentfal component of the expansion of the
nucleer enterprise worldwide. We then survey
the major categories of passive and active
nondestructive assay techniques that are
currently {n use or under development for rapid,
accurate measurement and verification of safe-
guarded nuclear materials in the many forms In
which they occur throughout the nuclear fuel
cyele,

INTRODUCTION

Nuclear fisslon and nuclear gafepuards have
mich  {n common, from thelr roots in a common
basie technology to the +losely-coupled chal-
lenges of nuclear flssion energy and the neces-
sary assurances provided by nuclear safeguards,
In keeping with the guldelines set by the
orpanfzers of this historic commemorative

conference, the present review, which was
requested to cover both history and contemporary
developments, fg presented in two major subject
areas: the ffrst sketches some first-haad
perceptfons and reflections on the history of
trclear flaaton and the subsequent emorgence of
tactear  safepguards,  while the gecond subject

area envers the present status and  tochnfeal
capabiltties ol modern nuclear safeguards. A
commor throad throughout the entire paper {s the
very  epitame  of  this conterence, .o, the
tematbable  phetiomenon of  nuelear flsstion,  and
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its practical application. The unique
characteristics of the fission process and of
fisslonable materfals that under!ie the
technology of all fission energy applications
also provide the unique "signatures"” that are
essent{al to quantitative measurement and
effective safeguarding of key fissionable
materials against theft, loss or diversion.
Through the years, fission energy and safeguards
have been closely {nterrelated, not only
technically, but also in other ways including
certainly political, and this close coupling is
ongoing today with effective and credible
safeguards an Indispensable component of a
viable and expanding nuclear enterprise
worldwide.

NUCLEAR FISSION
--AN INDIVIDUAL HISTORICAL PERSPECTIVE

As a point of departure, we look back nearly
a century to the year 1905, when Albert Einstein
published his theory of relativity; ever since
then it has been realized that, based on
mass-energy equivalence (the celebrated E =
mc?. -probabl the world’'s most famous, and
fabled, sclentiflc equaticn ever) there was a
theoret{cal possibility of releasing enormous
energy from matter (and subgequently the "curve
of nuclear binding energy" clearly confirmed
this). As we now know, nuclear fission was
actually first produced in 1934 by Enrico Fermi
and his co-workers when they {rradiated many
elements including uranium, with the newly
discovered neutrons, They found a number of
different B-activities to be produced from
uranfum, but bhelleved that these were due to
nevtron capture, Later radiochemical work
fndicated some of the new activities were from
elements chemfcally simi{lar to the much lighter
elements Ba, La, etc,

Fissfon remained unrecopnized unil January
1939 when the met{culous work of the Cerman
radiochem{sty 0. Hahn and F, Strassmann, showed
that theye products were not merely chemically
similar to lighter colements, but wera liphter



elements. 3 In that same month Lise Meitner
and Otto Frisch (in the January 16 issue of
Nature) named the new process "fission,"
predicred that the fragments should have large
kinetic energies, and explained the process in
terms of a liquid-crop model Also in that same
month of January 1939, Eurico Ferm{ arrive!l in
the Unfted States from Fascist Italv.

Following the discoverv of fission, con-
flrming experiments were quickly carried out In
laboratories around the world. It was soon
discovered that neutrons wazre produced in the
tission process, and that almost all of the
fisslon of uranium was occurring In the
relatively rare Isotope, %33y, In that
same vear (1939), Niels Bohr and .ohn Wheeler
publlshed their theory of flission, basea on the
Hquid-drop model, which is still fundamental to
modern fiss{on theory.

On  the date of publication of the Bohr-
Wheelvr paper. September 1, 1919, CGermany Ilnvaded
Poland, the Second World War was underway, and
fisslon suddenly took on a new {mportance. It
was reallzed by many that a flssion chaln reac-
tion might be possible, resulting In the release
af very large amounts of energy. Thus, informed
scientists were already aware {n 1939 that It
miph: well be poussible to produce the destructive
etfect of many thousands of tons of high explo-
slve with a single bomb containing a relativelv
small amount of fisslonuble material. It scemed
probable that Germany would press ahead with this
development . Apprehensive of this possibility,
sclentists in the rest of the world largels
ceased publishing flssion results hy 1940,

Viewed from the historlcal perspective, ft
ls most {nteresting that today, a half century
later, we have the startling announcement/clalm
of a radically new, allegediy-niuclear,
phenamenon  popularly known as "ecold fusion.”
Experlment i to date are {nconclusive (some are
even disputed), and the verdict Is clearly still
out on "cold fusfon"; at this writing the
clafmed tarpe energy release from cold tuston Is
not  understood--with conjectures ravnging from
the unprecedented possiblility of nuclear
reactions resulting from rome tvpe of
chemleal /molecular Interactlons to the very
temate poussihlilty of o radleally new penre of
altra high exothermic chemleal reactionga),
ahether boner or bhreakthronph,  the arouaed
cotentditle communtty will o see to {1t that this
ivow o abfectively and detinftively roesolved,

gl that Nature's trath will out?

ALFRED o o NTER' at  the Unfversity ol
Minmesota cper dlrect poquest of  knvleo Fermb)
coepatated A nample of 49 aning his
tecently develaped mas, spectiomete I'he
wamp e was then et o Cobunbia Pndver-aty
whope B owan wsed to contiim the rare {ootope!
tenpona bbbty tor wlow neatron flecbon

Work on fission was continued quietly at an
increasing rate. In June 1942, the Manhattan
I'rojeet was secretly undertaken in the United
Gtates, with the objective of producing nuclear
weapons, it possible Arazingly soon
thereatter, the world’s tirst scelf-sustaining
firsion chaln rveaction (lasting 18 mlnutes) was
produced on December 2. 1942, under the
direction of Eurico Fermi, the "ltallan
Navipator.," who with hils co-workers had
caretully assembled  biocks of ordinary uranium
and extrda-pure graphite (as a neutron
"moderator” to slow down the neutrons and
increase the likelihood of fission) to produce a
nuclear veactor, under the West Stands of Stapg
Fleld Studlum at the Unlversity of Chicapo. An
incredibly short tlme later the glpantic pascous
diftusion facillity wis undertaken (starting n
Iy at Oak Ridpe, Tennessee to scparate  the
wore flssionable isctope 23%U0 rom ordinry
uranfum  (a prodiglous *ask that, {t was later
learned, had been consldered a practical
impossiblity by both Germany and Japan, at least
{n time for use [n world War 11).

A sccond candidate matevial for a
sell-sustalnlng fisston chaln reaction, and a
pussible nuclear weapon, was the plutoniunm
jsotope, ?3%py, that had only recently been
discovered by Glenn Seabocg and  co-workers
at Berkeley in 1941, It was thought, and later
proved, that  plutonfwn  (and more speciflcaily
the Isotope 23%9pP4) should be tissionable
hy rlow neutrons In the same way as 2abh
Follnwing active research on the chemistry of
plutonfum at Berkelevy In 1941 and carly 1942,
the Plutonium Project was estabilshed in early
190 at the Unlversity of Chicago, and on Aupust
20, 1967 the first chemleal compound of pluto-
nlum, a tluoride contalning only -1 microgram of
S, was [solated, Just  three weeks loter
the tirst actual welphlng ot a pure chemical
compound  of platonium, Pu0y,  took place
an Thersday,  September 10, 1942 at the newly
establ{shed Unlverzity of Chicapo Metallurpica
Laboratory, ™

It seems no preat exagperation to savy that
nuclear flysfon and the ensulng auclear age b
linpacted, to a preater or leswer depree, the
Hven of most of the tive billion Inhabltant s of
this planet amd In my own case thls has heen

Tt should be bhorne In mind  that,  because
me lear  sategumds are divectly concerned with
flsslonable materials and thetr potential  for
dliverstion and miquse, emphanls in this
hilstorical perspective o on sensftive
flustionable matetials (notably 730 and
Y0 cthe erltieal  compotients  In naclear
explogive devices), how ther wege forut
obtalned, and how they are aced, salepianded and
controlled



tvue ~in spades.”® On the same day ctnat
(plutonium) chemistry history was being mnade, - -
Thursday, September 10, 1942-- a wide-eyed young
freshman arrived at the University of Chlicago
full of enthusiasm to pursue his {ntended major
in the exciting Zieid of chemistry! My assigned
dormitory room on the Jrd floor of Hitchcock
Hall at the corner of 57th and Ellis, looked
directly over the West Stande of cthe football
stadium at Stagg Field. During the course of
that very busy and stimulating fall at che
University of Chicage, I and many other young
would-be scientists found the entire atmosphere
electric and highly stimulating. Particularly
impressive to many of us was a sealed-off
heavily guarded area posted with the stern
warning "U.S. Government Metallurglcal
Project--Keep Out."” As we regularly passed .,
this area on the way to our Monday-Wednusday-
Friduay freshman callisthenles class, we would
occasfonally pick up black dust (Fermi's
graphite) on the soles of our tennis shoes.
Needless to say, we were totally oblivious to
the history "the Iltallan Navigator" was making
undetr our very nosea, many on campus sensed that
something really big and important must be going
on, and we wondered when, and if, we'd one day
find out what it was all abour. That day did
come nearly three years later on August 6. 1945,
at Columbia University In New York Clty.

In 1943, 1 was recruited into the Navy
"V-12" College Training Program and was sent to
MIT in Cambridge, Massachusetts on the condition
that 1 change my major to phyasics, end
subsequently serve as a4 Radar Officer In the
U.S. Novy. Thus I switched from chemistry to
physies, and upon graduation from MIT i{n June
1945, all of us Iin the Navy V-12 program were
{immediately sent tc Columbla for an Intensive 90
dav offfcer tralning course (the tre,ular Navy
derislvely dubbed wus "90-day wonders*), With
Hitler's Germany just defeated, in May 1945, the
wat focus was now riveted on the far east, and
we were belng prepared for immediate sea duty
and the coming mass{ve ("million-man®) invasion
of Japan. Everyone understood that & U.S.
Invasion of the Japanese homeland would be
tremendously costly in lives and resources, but
It was to be the final big push that would end
World War [l and at Tast hring “poace to the
world *  In early Summer, 1945, however, the war
was still raging, and though we dlidn’t talk
about {t (the {(nvasion) much, we all knew full
well what was at stuke for our country, the
world, and alwo for each one of us individually.

LY explained at the outset, this hilstorical
skateh s purpouely written from an Inuividual

perspective (my own), a polnt that should be
kept In mind, partfcularly In some ol the
recounting of personal Impressfons and
recollect fons

Then on the afternoon of August &, 1945, as
we were marching from drill back to our training
ship "The Prairie State," anchored in the Hudson
near George Washingtun bridge, we heard the
newsboys shouting "Truman announces
revolutionary new atomic bomb dropped on
Japan,"” Twe burning questions rushed
immediately into my mind- (1) might this end the
war quickly, scratch the U.S. invasion, and save
untold lives --both American and Japanese,
including perhaps my own? and (2) could this
have been what the super secret "Metallurgical
Project™ at Chicago was all about? Both of
these questions were soon to be answered, in the
affirmative. On August 15 the Japanese
surrendered, the mobllization of the massive
United States invasion force was called off, and
World War II was over. On that unforgettable
day, August 15, 1945, 1 found myself caught up
in the wild, tumultuous throng that jammed into
Times Square in Manhattan to celebrate "V-J Day"
(Victory over Japan Day), and the return of
peace, at last, to the world.®

Iomediately after the war, my service
commitment to the U.S. Navy was tulfilled with a
year of sea duty ("magic c rpet” duty, bringing
troops back home from the far east) as a Radar
Officer aboard the USS Kingsbury (which we
lrreverently dubbed the "dingleberry"). 1 then
returned to civilian 1life .o complete my
graduate studies in physics (the Navy-imposed
switch from chemistry had "taken"!), and
September 1949 found me, or rather us (1 now had
a wife and newborn son), heading West in our
"rew” 1939 Ford Coupe to the Universlty of
California, Berkeley to do research under
Professor Emilio Segre as a U.S. Atomic Energy
Commission Postdoctoral Fellow. Berkeley was an
extremely exciting place to live and do physics
in 1949, E. 0. Lawrence was Director of the
Uni{versity of California Radiation Laboratory
and I wvas privileged to get to know and to work
along side many leading sclentists, several of
whom had worked at Los Alamos in the Manhattan
Project--people like Emilio Segre, i8 Alvarez,
Owen Chamberlain, Robert Serber, Edwin McMillan,
Larry Johnston, Hugh Bradner, and many others.
From a technical and professional standpoint, 1
came to have a new appreclation and high regard
for the quality and quantity of technical work
that had been accomplished in such an incredibly
short time at Los Alamos. 1 must candldly admit
right here that | had already fallen In love
with New Mex!co on earller visits te the
Southwest dating as far back as 1939 --whon J.
Robert Oppenhelmer himwelf wan stlll exploring
the strange and wonderful natural heauty ol "The
Land of Enchantment .* Thus, when {n the fall of
1951 1 was offered a research staft posftion at

It scems appropriate here to ¢lte once again
the earller advisory f{ootnote concernlny the
rather personal, first-hand account nature ol
some of the reflections recounted here,



Los Alamos, 1 acceptea; we arrived bap and
bagg.ge on "rthe hill" on a New Mexico
star-studdea New Years Eve, December Y1, V951

the  Los  Alamos
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Svitical Experiments
of . € Paxten, which
critical and suberitical

under
carrivd
ansemhlics of

fissiongble materials at the Pajarite Canyvon
ST some  seven miies southedst ol the Los
Alaitos townsite The Puajariio Janvorn site was
vhosen for critival assembiv work se that its

trom radiation it
arig-
n'].'\l'

isolation could protect others
4 criticaliewy

tnallv, crirical

accident  whould oceur ™

assemblics ¢y, of

ard C0PG in various bare and refiected  con

tigarations) were emploved specitically tor the
nue tear weapons  developrent eftort Later., many
experiments  wers almed at establishing a wide
rang: ot criticeiaty-satety puidelines and

restrictions. Also, extensive investlpations

with wvaricus contipurations ot fissile and
Tertile materfals 1In barve and rveflected
seoiletries were catried oul fo pain a better
anderstandiag ot the physics ot nuclear
teactions in fissionable materials and of the
tission process itaelt  Such 1nvestigetions have

included detuiled studics ot tission-vhain

dyvnamics  and prompt neutron behavior of
Aear-critical  svstems, e g, "Rossi-a”  meas-
urements ot prompt  veatcon periods In metal

critical asscwblics,?
lndevrendent method ot

calibration. Clearly

whivh
precise

provide an
react cvity

aino ol tundamental

importanve  to reaciol hinerics and  precision
reavtivity detverminatjon are the prompt and
delaved neutvon and pamma rav emissioons  trom

tission, as discussed turther below.

The
thee  hare
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use ot
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intense prompt neuiron bursts {tom
assembly, Mlady (she's
the detailed characteristics

vodiva”
study

ey proup periods and viclds)  of delaved neu-
Htons from tisslon provides one ol many examples
vt the une o critical  assenblics tn nuelear

tinsion lesvarch The  decav proup  perfods and

Tothe tivsr crditical assemblies were
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vields of delayed neutrons are of particular im-
portance in the control of nuclear reactors be-
cause they limit, or "pace,” the rate of increase
or decrease at which a fission chaln reaction can
}rovevd. Delaved neutron characteristics are
measured by irradiating a small sample of
fisslonable material with a burst of neutrons
(vither high-energy "fast" ftlssion neutrons or
low-energy “theimal” nceutrons), then rapldly
transferring the sampie to a shiclded neutron de-
tector and measuring the decav ot dielaved neutron
intensity with  rtime. Computer analysis into
vxponential  decay-group vields and perlods (half
lives) 1s then pertormed by an appropriate iteva-
tive least squares titting procedure. The ultra-
high neutron intens,ties obtainable from a crit-
ical assembly  such as  Lady Godiva provide a
unique and ideal irradiation source for such
Medsurements . Figure 1 shows the Lady Codiva
bare 3%  -ri:ical assembly (%) kg of 9I% en-
riched #3%U npetal) that wis used tor the
vxtensive delayed neutron  studies  that were
carried out ir  the mid-1950s at the Critical
Experiment..  Facility at  Los Alamos.  For opera-
tion (alwavs by remote control), the upper cap of
the Lady Codiva  assembly (see Fig. 1) was low-
vred, and ' he form a

bottom cap was ralsed, to

Piwite va e Y critacai o assembly
Py ! AN el rhat was ase! g
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ned! csphere with escent{ally no reticctar The
central  section contarned a diametial  expert

mental  access  hole ("glory hole™) with fillers
and channels for twa 235 (934 enriched)
control  rods Campensation for opentngs in the
pioty hole was  provided by mass adjustrent but-
tons  of 2'PU (438Y that  tit into recesses in
the top  and bottom spherical caps. The plory
Hole was fitted with a 1 a-in dJdiametral ~ransfer
tabe for rapld S0 -msed) pneumatic transter of
thee sample under study trom its point of drradi-
tion I the  centel ot Ladv Godive to a ar-
shivlded nteutron counting peometry In all, the
Ladv vodiva eritival assembly was used to measure
delaved  neutrons from fast  fission ol =35y,
=3, saap caepy “4CPu,  and  ‘?4Th,  and
trom thermal tissjon of <450 (7330 and #39py. ¢

Delaved neaftvons dax weil as prompt neutrons
avd delayed and prompt gamma ravs, dre onlv a
tew of many basic fission chavacteristics that
drv important to the design, as well as
viticient and safe operation of nuclear chain
-acting svstems of varlous types. Howvver,
this wvérv broad tople would carry us far afield
from the scope and thrust of this paper; ftor the
present purpoase, suffice it to say that unique,
chatucteristiec tission phenomena (such as
tission neutron and gamma-ray emission) that are
so dmportant in sustalning and controlling the
tHisslon chain reaction also provide, by their
very unicuencss, rhe characteristic "signatures"
*hat are essentlal to offective measurement ,
sategaards,  and control of sensitlve nuclear
Taterialas We  shall return to this {mportuant
tep i presently In oour discussion of  wnuclear
Sateptards

ey the vears the loas Alamos Uritieal
spetiments Facility has worked with o preat
cartdet ot tissionable matevial tvpes,
wiirions wnd contipurations. and  the broad
e ot thiis wark oot Paparito Site has been
documentoed In two recent histopleal
" For me, one ot the most anforpet
e aud impressive experiences dupfng some 13
At gt Patarito fovelved o sphere ot metallic
ioronitm whilch we shall deslpnate as plutonium
i T o s imple “PLUTEX DM The  PLUTEX
two mating hemispheres
b ca dametery ot nfckel o lad pinatanian,

T aaisted ot

Hoowe tybhaany approsimately V1 by Tha
il by at e sportata oy fraaion enation
. ot tron PIUTES wene o sattiotent ey tow
ot thee rae baendaphieres o nd e el s ane e
vt . together s e w0 aphiere L Wbl
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at ot ronld beld an e hands hetld the energy
ovaler ol tens ol thousamis of tons ol TNT

due ot course, to the e¢narmous energy relesse
(-0 MeV/tission) in the process of nuclear
lission, whose discovery we commemovate in this
hisroric conference. Furthermore, for all its
vnormous  destructive potential, this small
rather benipgn-looking metal ball, besides being
extremely valuable. was ohviously very
susceptihle to concedalment, theft, loss (it can
Lappert s and diversion,

1he PLUTEX core is scen In an earlv (1946)
phnto (Fig. 7Y ws two hright metal (Ni Selad)
hemispheres™ placed side by side, flat side

“ The spherfeal contiguratious that are so
of ten character{stic of critical assemblies stem
liom very straighttorward geometrical
consideratrons of neutron Meconomy”; f.e.,
neut ran production vi. loss.  Neutron production
is a volume effect, while neutran loss
(primarily leakage, especially in bare systewms)
is a surface effect. The geometrle shape that
maximirzes volume to surface |s a sphers;
therelore, for any pgiven tvpe of appropriate
finsionable material, the minlmwa omount of
vbare) matertal required to sustain a chain
reaction is a sphere consisting of the (bare)
“critical mass™ of that material.

Inorhis emr!v ol tan) Loes Alaams phot the
POt cere s o zeea dno the center ot the
e twe hagght omeral hewisihieres placed side by

W e e side down topecfoately hehiiind the two
IR hee i hierew s parr othe lower halty oo o
Yera S A Blvocconnistann of o4 o ser e oof
AT Pl was use ! with o tl.
gt e et Poo e aeve v o coae el e oy



bricks. Tmediatery
hemispheres is o Be
halt-sphere) consisting ol
series of concentric hemispherical shells
complete out to a diameter of ~13 inches. In
making the critical assembly, the plutonium core
would be positioned In the center of the lower

lead

CoOle

stacked
two

down, on
Lehlnd  the
retlector  (lower

Pe reflector and then enclosed within a
suecession of ucesting upper Be hemispherical
shells. The smallest upper Be shell (~4.% in.

0.D. and -0.5 in. thlck) is shown in position in
Fig. 2. The largest upper Be hemispherical
shell (-9.0 in. 0.D.) is sven at the lower right

(under the soldering lron cord--to the far right

of the Coke bottle, that is!), With the core
positioned in the lower Be reflector, and the
upper series of Be shells complete out to a
dianeter of 9 in., the assembly would beccme
critical. In 1946 hand manipulation of such
critical assemblies ceased completely, and all
sensitive critical assembly operations have

since been carried out by remote control (from a
distance of 1/4 mile). The Flattop
(19-in -djameter "infinite" natural uranfue
vetlector) assembly at the Critlcal Expeviments
Facility at Pajarito Site, Los Alamos (sec Fig.
}) exempllifies modern specially-designed
¢quipment for fully-remote-control critical
assembly operations with scensitive fissionable
marerials. The striking contrast between
Figures 2 and 3 underscores, perhaps more
cftectively than words ever could, the
Impressive progress made since the early days of
hand  operated critical assemblies; l.e, as
regards both the mechanics of manlpulation and
operatfonal implications.

Viewed trom the perspective of
safepuards todav, mv early years at
working in the critical
provided invaluable
insipht Iloto the unique
behavior of both small and
naclear miterials of various
atd cont ipuratfons., As i very sobering case in
puint, 1t was PLUTEX that drove home to me, as
mche oas anyehing could, the vital Importance of
stilogent  accountabllity and controls over
sensitive nuclear materials In the rapldly
oncoming, nuclear lssur (hoth techulcal

nuclear
Los Alamos
assemblies pgroup
hands -on  experlence  and
characteristies  and
large quantitltes ot

types, composiltlons

ape - -dn

and polftlcaly of steadily Increaslug worldwide
concern over the vyears, that was to cvolve
veoentually fnte the broad disclpline now knhown

s e lear satepuards

EMERGENCE OF NUCLEAR SAFEGUARDS
A PARTICIPANT'S PERSPECTIVE.

Viewed trom o browd hintorical perspective,
the dhapees anld potential tor misuse of e lea
tivon cnerpy have been recopntieed since the
Lawn of hoe pelear ape. and by the clowe ol
world war T, aeme sttt ewmen held the gl bmetr ing,
Lo Phat placing il e Jear activities andey
trtcrnstional o ownership and matapoment coulid
pros e e e tar paetent iy o oat Lot
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Figure 1. The Flattop critical assembly at Pajarito
site, Los Alamos. A plutonium core (with bright
nickel cladding) 1s shown In place on Lhe cencral
pedesca!l. Addic:onal cencral vcores of 138y (938
enriched) and ?3 are displaved at the left with
adupters and mass-adjuscment inserts. For (remote)
operation, with adapter 1 place, the pedestal is

refracted into the startionary reflector heamisphere. and
rthe two reflector quadrants (on ways at 45°) are
moved (nward to complete rhe 19° dismeter spherical
retlector of natural U

restraining, the proliteration ot nuclear
weapous. In 1946, the Baruch plan proposed the
creation of an international atomic development
authority. to be entrusted with all phases of
the development, use, inspection, and control of
nuclear energy. The plan delincatied the need

for rvestralnt in puclear-weapon development and
tor internatlonal safeguards and penalties to
prevent dlversion of nuclear materlals f{romw
civillan nuclear power programs. It also
proposed that all nations torego the production
and  possession of nuclear weapons. Al though

many vlements of the Baruch plan were eventually

Incorposated Into  International safeguards, in
its time the plan was rejected, and by 1952
three natlons had produced maclear weapons.,
Sccrecy became the fundamental nuclear pollcey ol
the United States and other nations, By the
carly 195%0's many nac.ons were secking ways to

acquire the benetits of melear technology and

to develop thelr own opuelear enerpy programs.
This burpgeoning activity had an  inherent
potentlal not only for peacelul ukes but alnoo
tor military appllcations, Fhe  shtuation
clearly called tor denewed attempts to airrive at
soihe torm o of internat fonal  anderstanding,,

connensuts, and constraint

Fresident ki nhower’s 1'% proposal . the
whde 1y Vailed "Atoms for Peace™ propam,  ma ked
a o Pandamental  change e 1700 micledar policy

The propram warn desipned to o promots



international eooperation in the peaceful uses
of nuclear enerpy  awd, at the same time. to
estahlish Internasional controls to enaare b
the products of this couperation would not be
diverted to military uses.

A major event early-on In the Atoms for
Peace program was the first United Nations
Conference on the Pecaceful Uses of Atomlc
Energy: this unprecedented worldwide confercnce
was convened in September, 1955 1in CGeneva,
Swltzerland, As proclaimed by the vice
president of the Geneva conference, Nobel
Laureate 1.I. Rabi, here for the first cime
scientists from the West and the East, and Erom
around the globe were assemhbled to dlscuss the
technical problems and challenges of the
exclting new nuclear age. Insofar as possible,
at the Geneva Conferunce all papers from vaclous
countrles In a given subject area were grouped
together in the same technlcal sessian or serles
of sessions. This format was used throughout
the conference to facilitate detailed
International Irtercomparison of new data and
tecliniques. Thus the U.S. paper on delayed
neutron measurements, which 1 was privileged to
present, based largely on our recent work using
Lady Godiva at Los Alamos., was directly followed
In the same session by & Russlan paper, also on
delayed ncutron measurements that had recently
been carried out in the Soviet Union, Like all
participaunts, 1 found thils flrst truly
international nuclear conterence, providing for
vne-on-one  Interactions among sclentlsits from
around the glohe working i1n the same fleld or
spestalecy. to be extremely stimulating,
slgni fleant, and memorable .

I recall clearly that many of us In the U.S.
delegation to the ftlrst Geneva Conference were
tilled with a sense of history, and some

amazement too. at the open reporting of
previously restricted informat fon on {l;ision
data, fuuel-cyele processes, and plaut

aperat ions. Nearly every day, after late-ulght
meetlngs of the U.S. delegation at the

A Tao clte bul one cxample In my specific area
of delayed neatrons, such interactions provided
nn luteresting and reveallng historical
perspective, namely that the key Importance ol
delaved neutrons {n controlllng the rate ot
fivalon was recognized weay early on, not only
too the Weat o bat glso In the Soviel Union e
1ale of delaved nevttrons In reactor kinetices and
catirol was ot Hned oo o very o eamly propnosis
ot the piospects (peacelal and otherwlgse)  of
neleal ener ey 0 This remarkably  forward
looking, 1€ nor "prophet1e”, paper was published
{v et lptele mare than a year after the
Alse vvery of  flgston, and more  than two years
hetare achlevement of the fest self-sustalining
iApproptfately tacrtored {n, {1
corne b brenghit mene technical aealfan Into
some b the oardy et lnates of hiow Tang, T owonldd

YN o develop the aramle beepho

vhain react ton

tare tha

henbpuatters Hotel du Rhone, we wav new aveas ot
crats section and ftisslon process data
declassiticd and released to the publlce domain.
Buring this historle conterence, 1 could not
help but remember my earlier days as a
University of Chicage freshman wondering just
vhat that supersecret "Metallurgical Project”
under the West Stands was all about. Tou me, the
unprecedented open sapirit of Interuational
covperation that maiked the first Geneva
Conference was 1n stark centrast tu the wartime
secrecy that had of necessity characterized
Fermi's histovic Ffirst “"crlticality experiments”
leading to achicvement of the world's first
self-gustalning fission chaln reanction Jjust
thirteen ycars earller in Chlcago.

Two ycars after the tirst Geneva Conference
in 1955, the International Atomic Energy Agoncy,
A cornerstone of the "Atoms for Peace”
fmplemcntarlon, was creared (in October 1957) to
focus oun, and carry out, the promotion and
control of the peacetul uses of nuclear energy
in IAEA Mcmber State countries around the world.

Fostered In large part by the Atoms for
Peace program, throughout the 1960s peaceful
nucleatr vuetpy programs flourished in many
countries because suppllier natlons, including
the United States, offered an extremely
attractive long-term source of nuclear fuel, in
part to discourage the development of other
supply sources. Coucurrently with this peaceful
development, the 1960s alse saw the number of
nuclear weapons nations Inc.oease from three to
tive with the addition of France in 1960 and the
People’s Republic of China In 1964,  These and
other events led to steadlly Increased concerns
about nuclear weapons proliferatlion --both the
further build up within nuclear-weapons nations
and especially the possible acquisition by new
nations. In the mid-1960s, inte-sifled efforts
to reduce the risk of prollferation led
ultimately, in 1970, to Implementation of the
Treaty oun the Nonprollferation ot Nuclear
Weapouns (NPT)

During thls very acrlve period of the
mid-1960s, I had the unlque (at that time)
opportunft,y te scerve tor two years (1963-1969)
with the headquarters statf of the International
Atomle Energy Agency In Vienna, Austria. There
I headed the Physics Sectlon of the Divislon ol
Rescarch and Laboratorles, and our attent lon was
Inftially tocnssed on the very active areas of
Huslon and peactor physles; eop. we o:panlzed
ad conducted the st In the ongolup serles of
IAFA Conferinces on "The Phyvsics and Chomlstry
of Fiasion™ (Saizharp, 1964%) as well as o' her
LAEA  conferences on "inelastic Seatterling ol
Neat pons”  (Bombay,  Iodia, 964, and  "Pualsed
Neutran Researeh™  (Earl:vahe, West Germany,
10y, amony, others

Duarloy my  ansdtponwent tn Yienna, TAFA
Divvorar General Stpsard BELand arvanped tor me



to meet with Werner Heisenberg who occasioually
visited Vienna and "the Apencv."™  In the curse
ot our tascinating (for me at le-ast) discussions
-of phyvsics and much more-- Helsenberg
expressed interest and concerns in several
areas, Iincluding the problem of effective
“controls" over sensitive nuclear materials to
ensure agatunst thefr misuse (i.e., the general
issue now called nuclear safeguards). A
prospective future role for physics measurement
{nstrumentation way implicit In our discussions,
which lett a lasting Impression cn me. Not only
were my discussions wirh Helsenberg fascinating
and inspiring on the technical level, but the
same lield true on the philusophical and personal
level.® It seemed that Heisenherg (not unlike
many thinkers) inscinctively sought the larger
connections between the various physical and
biological sclences --and indeed between all the
natural sciences and all other areas of human
thought and I{nquiry, iIncluding what he called
"the wider reglons of life* as embraced by
soclology, philosophy, and religlon. In
comtemplating such a kind of epistemological
unity, he points up the need for "breadth of
thought,” transcending mnarrow discipline
boundaries and categories in such a way as to
ultimately find a way back "to a natural balance
between the spiritual and material conditlons of
life."” Helsenberg was indeed a physicist of
remarkable breadth and iusight. After my return
to the U.S. from Vienna [ looked forward to
future follow-on Interactlons with Prof.
Heisenberg, particularly after T had become
active in the application of physics measurcment
techniques to the burgeoning new field of
nuclaar safeguards. Sadly, however, this was
not to be; Werner Helsenberg dled on February 1,
1976, He has bequeathed to us all his
monumental contribuclons to physics as well as
his wonderful, and for me inspiring, essays and
monographs® In areas of science, philosophy,
and even a kind of noetlc spirituality.

In July 1965, while still at r*he IAFA, I

had the opportunity to tour and lecture {n three
major nuclear research centers in the USSR,  One

U hast a couple  of example on  the personal
level Heisenbery  wore an absolutely  unlque
tie.pin dlsplaving a beautifal  diamond studded
" the celebrated matbemat ical  symbol, called
"Lobar, " known ta every vhysiclst the world over
as o the nndamental comstant o the equarion tor
the velebrated  "Helsenbery, aneesrtalnty prinet-

ple When 1oexelafmed mv o admiration for the
ol antgae salrabilley ol that particalar
fre pin tor him alone, Heiscenhery beamed with
vees ekl iy, Mdas st oeln o pgeschienk von e {inen
LT ITL TR Amonyp other  deliphtial o tor me)
Cirete i htes ) was the dlseorery . gqadte by
e e ot we e fellaw Sapartarlang . hoth
o emane Tependin sy Framps, Pay "

arnose ot the TARA-Lponmored winsion wan  to

encourage and promere s throaph the tranework ot
thie [AFA, turther international cooperation and
exchange in certain unclassificd areas ot
nuclear and reactor physics data, Extensive
briefings and technical discussions were held
with prominenr nuclear and reactor physlclists,
including L. N. Usachev and B. P. Maksiutenko,
the leading Soviet nuclear physicist in flssion
delayed neutron research (see Fig. 4). 1 found
it beth stlmulating and reassuring that our
Soviet counterparts shared many of our same
concerns and problems In areas of reactor
kineti{cs and control, as well as in criticality
safety, and even the "coming" problem of
safeguards and tight controls on nuclear
materfals.

Over the course of my two ycar asslgnment in
Vienna®, the Impact of many factors --world
nuclear developments, the new experience and
perspective galned at IAEA headquarters, and my
widening Interest in international technical/
political {issues-- a&all scemed to combine to
reaffirm more forcefully than ever before, my
earlier convictions about the growlng importance
of achieving stringent safeguards and controls
over sensitive nuclear naterials, and the global
challenge of nuclear nonproliferation
generally. 1 also had felt for some time that
the expanding capabilities of nuciear physics
measurement techniques might well be brought te
bear on this important problem. In retrospect,
it seems abundantly clear that 1 mysclf had
grown and evolved concurrently with the emerglng
I{ssue and disclpllne of unuclear safeguards. In
iany case, by the time I returncd to the United
States In the Fall of 1965, I was firmly
convinced that a vlgorous R&D program should be

Figure a Fission and 1eactor physics Jdiscussion with
wevanr phivsacises atter the aurhor’s Iectures ar the
fnstirate of Physios and Fuergetivs an Ohninisk, UGGR
Dottt ro onight are Vo Fuenetsov, hoad or the Depacemont
b Feactor Phvsics, the author, the late L N aa ey,
distinguished rheoretical reactor physiogse, 4
Yarsiarenka,  jeading Sovier e lear phvsicast g e
Javed  nnutroen reseatch anl plived oat A1 AMbaukev,
TR representative to TaFA ntertat boendd NacJear Mt

e



This

Figure §.
Safeguards R&D atr Los Alamos shows Carl Henry and Cliris

1967 phote from the aarly days of

Mascers preparing to measura the delayed-neutron
response of a uranlum sphere uging a "zipper" pulsed
Neut ron gensrator (meta! cylinder at left) as a source
of Interrogating neutrons.

launched to develop new techniques and
instruments that would, in time, provide the
technical basls for meeting the Increasingly
stringent safeguards requirements that some of
us saw as “"lnevitable".

I felt strongly that the United States

should take the lead {n this key area, and that
los Alamos itself was actually quite unique in

having both the expertise and the facllities
that would be essential for the required R&D
effort, 1including nuclear Instrumentation and
measurement know-how together with the full
range cof materfals processing, fabrication, and
recovery facllitles for special nuclear
materlals. After some initla)l concerns about

how an R&D program In an area such as safeguards
(particular’'y i{nternational safeguards) would be
regarded ard supported at Los Alamos over the

long haul, I declded to take the whole matter
--my {deas, convictlons, concerns, and all --
directly to the boss, Los Alamos Laboratory
Director Norrls Bradbury. (There was never any
doubt, {ncidentally, that Bradbury --who
directly succecded lLoa Alamvus' flrat Director,

J. Robert Oppenhelmer-- really was the boss, in
the very best sense of the word).

After giving the matter due consileratlon,
Dr  Bradoury came back with a very positive
response,  and  proceeded to arrange for me to
make presentations, brilefings, etc. to Atomlc
Energy Commlssion Chalrman Glenn Seaborg, CGerry
Tape, and other AFC Commissloners, as well as to
appropriate stafter of the Congressfonal Jolnt

Committee on Atemle Fonergy, among others, In
due  course, funding was secured and the los
Alwnos Safepunras R&D  Program was lautiched on
December 1, 19066 SIx nonths later, the AEC
established the 0Office of Sateguards and
Mater'als Manapement  at ity Washington Head-
quarters, as o well as a new Divis{ion of

Safepuards tn the AFC Regulatory Branch (now the
Nuriear Repulatory Commission).

Flgure 6. “THEN" and "NOW"--a span of nearly two
decades. The upper photo, taken In October 1968, shows
Los Alamos lLaboractory Dlirector Norris Bradbury and IAEA
Director General Sigvard Eklund shortly after thay had
been introduced for the flrst time by Bob Keepin, Los
Alamos Safeguards Group Leader. In the lower ("NOW")
photo, taken during the recent 20th Annlversary
Safeguards Symposium at Los Alamcs, Bradbury., Ekluid,
and Keapin recall the early dJays of safeguards and
Eklund's tirgt visit to Los Alamos two decades earller.

che selection of the

As already indicated,
Los Alamos Laboratory to spearhead United States
leadership in safeguards R&D (both domestically

and internationally) was due in large part to

the unique facilities and expertise that Los
Alamos already had In place. These included the
full gamut of materials proceasing, fabrication

recovery faclilities for special nuclear
Including plutonium and uranium of
all 738y enrichments; it also had the
world's leadlng (and orlginal) expertise and
remote-control facllities for experiments with,
manipulation, handling and storage of fisslon-
able materials of all compositions, shapes, and
sizes in both subcritical and critical
configurations.? In sum, the Los Alamos
legacy of direct "hands-on" experience with
fissionable materlals (ranglng from thelr
detailed "microscopic® characteristicas to their

and
materials,

8 In connection with the special relationship
between critical assemblles experiments and
safeguards R&D, Lt |s8 most apprapriate,
efficient, and mutually advantageous that these
‘wo professional discipllnes are now closely
coupled hoth technically and organizatlonally
within the same tectinlcal dlivision at lLoa Alamos
(The Nuclear Technolopy and Englneering (N)
Division).



overall "macroscopic®” behavior in large critical

systems, to the nitty-grittv of state-of-
the-art processing technology) was anticipated
to be uniquely valuable to the nation's
ploneering safeguards R&D effort. And indeed,

the internationally-recognized leadershin of
U.S. Safeguarda R&N over the years bears out the
highly productive synergism that has resulted

from combining the special materials
capabilities noted above with top-notch
safeguards detection, measurement, and systems

design expertise.

SAFEGUARDS TECHNOLOGY--PRESENT STATUS AND
CAPABILITIES

Beginning {n the 1960s, as nuclear
activities expanded in many countries around the
world, safeguards concerns Increased
correspondingly, and steadily greater
requirements were placed on nuclear material
measurement capabilities (e.g., with respect to
detection sensitivity, timeliness, accuracy, and
representative sampling) for the many fcvms and
configurations of maierials found Iin the nuclear

fuel cycle. This, In turn, has led to the
development and implementation of a new
measurement technology to supplement, and
complement, the traditional destructlve assay
methods of sampling and chemical assay. This
new technolugy --now commonly known as
nondestructive assay, "NDA"-- {3 based on direct

physical measurements of unique characteristics
of the fission process and of flssionable
materlals. As Indlcated earlier, there ls a
special synergism In the juxtaposition of
nuclear flsslon and nuclear safeguards; 1i.e.,
the characteristic fission phensmena (such as
ganma-ray and neutron enission) that are so
basic to the fission process and the release of
nuclear energy, provide at the same time thelr
own uniqua "slgnatures"” that are essentlal to
effective measurement, accountability, and
control of sensitive nuclear materials. Thus
the development of modern safeguards technolagy
has, by its very nature, .ntailed a synergistic
combination of: (1) aetafled knowledge of
certali, inherent characteristics of the fiasion
process and flssionable materials together with
(2) the practical application of these
characteristics In the development of NDA
{nstruments and techniques for safeguarding
these materials.

tall Inte
active,

Nondestructive assay
two major categoriey,
Pasilve assay uses
and/or neutron
of fiaslonable
involves
Induce

techniques
passive and
naturally emlitted pampa-ray
radiatfons as direct signatures
materials . 1° Acllive assay
lrradlation with neutruns or photuns to
fiuslons in the sample to Le nasayed.
The resulting neutron or gamma-ray aflghatures
are analyzed to determine quantitatively the
amount of f{{ssfonable material present, For
more than 20 years {inrosative safepuarda
research and development programs In the United

1

States, and more recently iIn several other
countries, have developed, tested, and
implemented a broad range of passive and active
NDA instruments and measurement/accountability
systems that are now widely employed in
safeguarding nuclear materials {n nuclear
facilities of all types. NDA Instruments range
in size and complexity from small portable units
(e.g.. as small as a carry-on brief case) for
use by safeguards Inspectors In on-site
verification of nuclear materi{al inventories,
to large In-situ NDA measurement systems
designed for routine in-plant use not only for

safeguards and accountui»ility, but also for
process control, quality control, critlicallity
safety, and radlological protection. In this

section, we survey briefly the major categories
of gamma-ray and neutron-based passive and
active assay techniques, glve reopresentative
examples of NDA {nstruments currently i{n use,
and clite some notable 1instances of ongoing
state-of-the-art NDA technique development.

First, In the area of passive gamma-ray
asssy, many different instruments have evolved
employing the two well-known types of gamma-ray
detectors; 1i.e., low resolution Nal(TZ®)
scintillation detectors and the high-resolution
germanium solid-state detectors. Necessary
corrections for sample attenuation are carried
out uging elcher an external gamma ray source or
by suitable analysis of the measured response to
the sample’s own internal gamma rays. Gamma-ray
measurements using the so-called "enrichment
maeter” prinriple are based on the fact that for
fixed detector-sample geometry and for samples
that ars thick relative to tha penetration depth
of the 185.7-keV 238U gamma rays, the count
rate due to the 185.7-keV gamma rays is directly
proportional to enrichment. When performed with

care, NDA enrichment mecsurements can achleve
0.1 to 0.2V precision at one relative standard
deviation.

In the case of plutoafum {isotoplc composi-
tion measurements by gamma-ray spectroscopy,
achievable accuracles are better than 14 for
241pu and ?4°Pu, and better than 0.2y for 73%pu,
The well-known and widely used Portable Minl
MCA, (Fig. 7) is a batriery powered 2K/4K
multichannel analyzer that can acquire, display,
analyze, and record gamma-ray spectra from
either Nal or high-resolution germanium
detectors, Using sultable standarda and
calibration procedures the PMCA can provide
accurate on-the-ipot measurements of U
enrichment as well as total 238y content
(and can also be used for some Pu verification
applications). A second Instrument, the
Segmented Gamma Scanner'!, {n used for
measuring samples up to 200 liters {n volume; {t
employs a tranamission source that I8 viewed
through a “orizontal colllmator slit to assay
the sample a¥ a werles of hor! intal megments,
and then measurean sample response and the
transminsfon correction wegment by wegmont. In



Filgure 7.

“incellligent”
(at left) that can display and record gamms-ray spectra
obtained from a Nal detector (center) or a high resolu-

The Portable Minl-MCA (PACA) s an
battery-operated muiti-channel analyzer

tion Germanium dJwcector (at right).

standards and callbration procedures
provide accurate on-the-spot measurement of U
enrichment as well as total 3%y content, and
can also be used for some Pu veriflication applications.

Using sultable
the PMCA can

the case of solid materials (e.g. scrap and
sclid waste) an {nportant source of bias can
arise when lumps are present {n the sample to be
assayed; a wnethod of detection and correction
for the presence of lumps is under development
that involves assaying the sample at different
gamma ray energles,!!

The second major category of NDA techniques
{s active gamma-ray assay, represented by the
complementary techniques of gamma-ray
densitometry and x-ray fluorescence,. In the
densitometer, a gamma-ray beam is passed through
an assay sample and . gamma-ray dntector
measures the transmitted beam whose reduced
intensity {8 a function of the pgamma-ray energy
and the amount, or concentration, of nuclear
material between the source and detector. The
{sotopic sources, 37Co and 78Se-- with 122.0-keV
and 121.1.keV gamma rays respectively.. nicely
(and  fortultuously) bracket the 121.7-keV
K-absorption edge of plutonfum, These sources
are utilized {n the so-called compact K-edge
densitometer leveloped for {n-line concentration
measurcments of Pu solutions {n pglove box lines

without breaching or affecting in any way the
plove box contalnment. An  installad %7Co.7%Se
K-edge densitometer system has been used for

nearly 10 years for assay of product solution in
the analytical laboratory of the Tokal fuel
reprocessing plant at Tokai Mura, Japan !'?
Generally, the acceuracy and precision of K-wdpge
densltometer measurcments are bhetter than 1y and
can approach 0. lv; {n practice they are often
supplemented with {sotopic composition

measurement § . In the case of other olements
(e.g., uranfum, thorfum) such fortuitous
fsotopie sources with gamma-ray eonergles  that

happen to 1llie just above
desired absorption edge, generally do not exist,
S0 X-ray generators are often used as the
transmission source for densitometry
measurements.

and just below a

In the complementary technique of x-ray
fluorescence (XRF), again a gamma-ray beam {s
passed through an assay sample, but here the
absorbed, rather than the transmitted, gamma
rays are used to provide an assay signal. The
absorbing atoms are ralsed to excited states
from which they decay by emission of x-rays; the
energles c¢f these x-rays are uniquely
characteristic of the elements in the absorbing
material, and their intensities are proportional
to the amounis present., Gamma-ray densitometry
and x-ray fluorescence have been applied most
successfully to the measurement of uranium and
plutonium ccncentrations in solutions, The two
techniques are complementary; {.e., densitometry
is best sulited for SNM concentrations above ~10
g/4, whereas XRF is best suited for concen-
trations below this level. At least two hybrid
assay systems have been built that combine
densitometry and XRF, One is used to assay
uranium and plutonium {in light-water-reactor
reprocessing solutions at Kernforschungzentrum
Karlsruhe in the Federal Republic of
Germany,!3 and the other is designed for
routine use Iin the recovery section of the Los
Alamos plutonium facility. !¢

Concerning advanced NDA technique develop-
ment in the area of gamma-ray assay, two novel
methods for determination of Pu concentration
(and i{sotopic distribution) have recently been
developed that require no external radioac-
tive sources or x-ray generators, but rely only
on the natural radiations from Pu. The methods
are ideally suited to the assay of
reasonably pure ri solutions such as the product
solutions of a reprocessing plant and the eluate
solutions from anfon  exchange columns. The
methods can be applied to aged or freshly
separated Pu and can be used to measure Pu
concentrations in pipes or tanks. The first
method uses the MGA2 {sotople program developed
at Lowrence Livermore National Laboratory.'® [n
this program a relative detection efficlency
curve fs fitted from 59 keV to 208 keV including
the dlgcontinuity at the Pu K-absorption odge,
For fixed sample thicknwse, the magnitude of the
dlscontinuity {8 proportional to t(he Pu

concentration of the solutfon, Applying this
method te Pu solutions with concentrations
ranglng from o0 g/l to 320 p/1, {1t was found
that the Pu oconcentrations can be determined to
1.9% with precistons of -1 Hw,

The wecond method!®  uyes the ratio of a par
of pamma-vay o x-ray peaks  from the Pu sample:
one above the K oabrorption edpe and one helow the
vdpe g0 that the ahsorpt lon coelffetonts (m) are
substantially  different.  The mu values  of 129
boV o pamma  (279P0)  and 11 keV x ray (U Ky trom

TOTPu)y  difler  wubstanttally, w0 the patlo of



these two 1lines is a strong function of Pu
concentration, and for a fixed solution
thickness the function can be used to determine
Pu concentration from a measurement of the
1117129 ratio. Applying this ratio method to Pu
solutions with concentrations ranging from 10
g/1 to 320 g/1, Pu concentrations were
determined to 0.26% with precisions of ~0.2%.
Calculations show that while the ratio methoc is
insensitive to the amount of low Z absorber (2 <
10y, for best results the medium Z matrix (Z <
40) in the solution should be less than 6% of
the Pu concentration, and the high Z matrix
should be less than 3% of the Pu concentration.
Thus if the concentration of {mpurities in the
Pu solution Is less than the amounts given
above, the method can be used to determine Pu
concentrations from 10 gm/l to 300 gm/1 with
less than 1/2% bias., When the solution is very
thick, the ratio approaches a unique asymptotic
value, with the very practical consequence that
tne ratio method can therefore be used to
determine Pu concentrations in tanks or bottles
without drawing samples.

Turning now to neutron-tlased NDA techniques,
we address first passive neutron methods, an
area where once again we find close technical
coupling between basic chearacteristics of the
fisslon process and the development of
state-of -the-art NDA instrumentation. Neutrons
originating in nu lear materials are primarily
due to (1) spontaneous fission (largely in
Pu-238, 240, and 242) and (?2) (a,n) reac-
tiors in light elements (e.g.., Iin the commonly
used compounds of uranium and plutonfum, notably
the oxides, carbides., ind fluorides, or in B,
Be . or '{ impurities). An additional source of
neutrons can arise, especlally in larger
samples, from induced-fission multiplication in
the sample. In general, passive neutron
detection provides a convenlent assay
measurement . especially for plutonfum samples,
because of high neutron ylelds, detector
simplicity, and neutron penctrablility through
the sample and storage or shipping containers.
The most  frequently used neutron detector for
NDA instrumentation ls the 3YHe proportional
counter, chosen for trelatively high neutron
detectior eftflclency, insensitivity to gamma
vave, relfability and lonpg-term stability.
Spantaneous  ftiss{on "coilncldent” neutrons are
dist inpulshed trom (a,n) "singles" neutrons
by colne bdence  count fng, techniques  based on
hiph tesolution (altra fast) "shift replster®
cofneldence viectronjes V7

Fhe two most frequent Iy vsed panalve peatron
stpnatures  are  the spontaneous. fisslon deery
of the even numbered plutonfum tsotopes  and the
. no rteaction fnn Uy Neutron  colpefdence
count s measare the  total  spontancoun-fission
devay vate from platoniam, which fneludes contel
butfanys  from the  three  evess nanbhered  fuotopes
[ TR RS HTRRRTITE A W BYY Conerally, %P0 1u the

major contributor, and it is convenient to define
the quantity:

240p,(eff) = 2,52 238py + 240py + 1,68 ?¢47?Py,

where the coefficients 2,52 and 1.68 are
determined from fundamental measurements of
fisslon neutron emission from various fissionable
isotopes, and take account of the Thigher
spontaneous fissicn decay rates as well as the
higher average number of neutcons per fission
(v) in 238Py and ?42?Pu, Total plutonium can then
be calculated from plutonium isotoptle
composition; e.g., as determined from
high-resolution gamma ray spectroscopy. As
extensive field experience has demonstrated,
the combination of these two techniques can
be extremely effective --as long as the
contribution from {(a,n) neutrons and sample
self-multiplication is not too large (cf discus-
sion of (a,n) and multiplicat un effects
below).

For most applications the passive neutron
signal from uranium {s too small to provide a
reliable assay slgnature. The major exception
is UFe¢ where the high cross section of the
(a,n) reaction on fluorine provides a wuseful
uranium assay signature, that has been used to
measure highly enriched UFe cylinders and
liquid UFa at the product load-out point
of enrichment plants.!®

By far the most widely used passive neutron
counter is the High Level Neutron Coincidence
Counter, HLNC!® (See Irig. 3) developed at
Los Alamos for the assay of bulk plutonium
samples ranging from 10 g to several kilograms
of plutonium, and ?24°Pu content from a few
per cent to -~ 308, The HLNC has become one of
the real “"workhorses" of IAEA safeguards
fnspection and verificatlon operations world-

wide., 1t can assay samples containing 0500 g
or more of plutonium (n 300 secouds with a
precision and accuracy of better than 1s, The

utility of the basic HLNC system has been
preatly extended by the development of a whole
family of HINC-like detectors with specialized
detector heads, but all employing the same baslce
"shift.-reglster" coincidence electronics.!?
Individual detector heads vary pgreatly depending
otv the matertals and configurations to he
measured (e.p., ranging from heads for small
fnventory samples to larpe fast reactor fuel
asuemb] fes) .

Many nuclear material samples exhibit a mean-
urable  neutron maltiplleatfon  value, eypectally
the larger samples with hundreds or thousands of
prami  of ofther 230 or #3%pu. Taus passive
noutton  measurements can be  altered by neuttan
moderators  (e.p . molsture), reflectors,  and
absorbers  in or near the sample.  Gonventional
coincldence counting procedures have  worked



Figure 8

The High-lLevel Neutron Colncldence Counter,
widely used for assay of plutonium samples ranging from

17 g to several kilograms with measurement prec'sion
and acenracy of  ~lV or better. The HINC Lu ised
vout vely by LAEA and EURATOM safeguards (nspectors in
nuclear installations around the world

veasonably  well for pure Pu0; materials; lLow-
ever for highly multiplying samples, {mpure
oxfdes, samples with high ?2¢An content, and
salts with high (a,n)  ylelds, the procedure
talls  hecause of  the unknown  multiplication
and  Induced fisvion rates. A method was
developed several vears ago t correct. for
miltiplfeation eftects based on measarement  of
the real cotncldence count  rate, R, together
with the  ratlo of R to tatal neution trate,
T, 1. e the "realy to totals® vatio 0
Marve recently, detalled mltipltieation correc.
t{ony have heen applied to ypecial caney
vy newtron seltointerragat fon tachintgue
tor avsay  of plutantm {n hiiph ()
naterfaly 4 Also,  Monte Catla wimilationg
b nevtion colnctdence cotmer assavys have beay
v eantal ly appliedd? to pausive auvay of
Tatype motat  Puo, wamples for which  erro
teoin by hifph  asway  valuey  are ohtalned by

cotnvent fonal cofm ldenee conmt lng, procedur ey
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effects. To state the problem briefly:
grneral case of passive neutron counting
are three principal unknown vaciables: plutonium
mass, sample self multiplication, and (a,n)
rate; however, there are only two measured
parameters In conventlional coincidence countlng
f.e., "real" neutron coincidence count rate,
R, (coincidence neutrons that originated in

a common fission event) and total neutron
cow,t rate, T, Among a number of possible
approacuces, - ? this basic problenm of "one-

teo-many unknowns®™ is currently being addressed

at Los Alamos In two quite different ways,
although each {nvolves the development of
an innovative neutron counting system. One is a

fast neutron counter using liquid scintillator

detectors, and gamma ray/neutron pulse shape
dlscrimination.?* This detection system {is
designed to measure all three of the unknown

quant{ties noted above,
interference from gamma-ray response of th-
scintillators, High-resolution colncidence
circuitry separates the amplified scintillater
pulses 1{nto single, double, and triple
coincidence everts, just as neutrons are emitted
in pairs and higher multiplicities {n the
fisslon process {tself,

and to minimize any

The second I[unovative
system {8 the "neutron multipliclty
counter"?® designed to investigate the use
of neutron multiplicity distributions for NDA of
plutonium samples. Like other NDA methods, this
nev  approach to neutron assay of plutonfum is
also based on an Inherent charactervistic ot
tissfon physices --namely that the average number
of  prompt neutrons produced In the ?4°py
tivsfor process {8 higher for the neutron-
induced fissfon of 230py than for the
spontancous {{ssfon of 240py, Based on this
gmall but telling characrterintic difference, the
detalled measurement and analysis of neutron
multipliclty distributions can be used to
detovrmine the neutron multipllication f{n
olutonlwn samples, To enhance the maltiplicity
conformation, the multipliclity counter was
desipns with low deadtime, fast neutron
dle-awny vime, and high efticiency, The worklng
syntem (overall dimensfons -80-cm dlam by ~/0-c¢m

neutron counting

high) ts shown In Flg. 9 The neutrons are
detected by a total ot 130 "He detectors
configured {n five concentrie 1ings; the sample

cavity Is th.em In dlameter, and the body of the
counter e surronnded by 5 em ot pulyethylene
tefloctor, A total of 34 AMPTEK clrenltn?®
Aty uned to reduce deadt ime. Neutron
maltipllieatfon has been deteratned by analynis
ol mewaited  newtron multiplieity  distrihatjons

tor camplon ot pie platoniun oxide with varyling
Y9 tractionn (0 20w) 0 tor plutonten oxtde
mixed with matrix materlals having varlous
(,n) ylelds, il for pare nrul fipur e
plutontum metal Masn uncertalnt fen  from
conntbng statfiatic o vange om0 3w tor -1 Wy
prave Paometal ta 14w i L Py pue Iy
with (a1 /) hevt ) un Vot b helow |,



The "neutron mulcipllcity rounter”

Figure 9.
tion at .he Loy Alamos safeguards R&D laboratory.

in opera-
The
outer shleld measures -80 cm diameter by -’70 c¢m in
holght and the central sample cavity s 15 cm in
diams-er. The neutron multiplicity counter (s designed
for .ccurate nondestructive assay of Pu samples with
unknown self-multiplication and (a.n) ylelds.

(SFeSpontaneous Fission). Counting statis-
tics ervors rise rapidly for high (a,n)
samples (\a,n)/SF > 3), and at high counting

rates. The most promising applications of the
neutron multiplicity counter are assay of {impure

metal samples up to several Kg and Impure oxide
samples up to ~1 Kg, both with (a,n)/SF
ratios < 2, Concerning possible complementarity
between tha !{quld scintillator and neutron
multiplicity methods, for high (a,n) mate-
rials the liquid scintillator counter, when

fully developed, may provide a useful supplement
to the demon- trated capabilities of the neutron
multiplicity counter.

Moving now from passive to actlive neutron
assay, here the flssion procesn {tself |(»
employed directly to stimulate (or "induce") a
desived assay signature, The NDA of 234y
materials provides a very practical case (In
polnt: hecause 2380 does not have a  passive
newtron signatine, 3% bhoaring sampleos  are
{riadiated with neutrons to {nduce flusfons in
the 20, and the resulting emitted ftiaxlon

tieu! rong
sipnature

(prompt and/or
for accurate NDA.

delaved) provide a
Examples are plveen

bolow of xtate of . the-art active neutron NDA
instruments that utilize prompt neutron asx well
av delayed neutron response measurements  (and

determine
attainable

alyo  delayed pamma v response)  to
finxile wmaterlial content with

avevwracios of one perteent or het tey

INTERNATIONAI
ATOMIC ENERGY AGENCY

BUMN'@  SEPTEMBER 1984

Figure 0. Indicative of ongoing U.S.
cupport to the International Atomic Energy Agency, this
front cover of the [AEA Bullecin shows a top view
of the universal fast-breeder-reactor assembly counter
developed at Los Alamos to measuro totai Pu content by
neutron colncldence counting. The advanced analog
electronics can accommodats neutron counting rates
above a milllon counts/ second, thereby enadbling
accurate measurement and verification of Pu In fast-
breeder-reactor assemblies containing as much as 16 Kg
of reactor grade plutonfum (208 249py).

technical

First we clite the Active Well Coincldence
Counter (AWCC) used for assay of 438U content {n
enrfched uranfum materials, Two (a,n) neutron
sources (AmlLi, each ~5x10%n/s8) located above and
below the sample well are used to interrogate
the sample, and the induced fission neutrons are
counted with standard shift .eglster coilncidence
electronics.  Colneldence counting discriminates
agajfust the random “"singles" (a,n) neutrons
from the Amli sources while detecting colncident

neutrons from  neutron-induced fissfons {n  the
1AMy vresent in the sample. The AWCC U8
uned to measure bulk U0y samples, high
entichment uranfvum metaly, LWR tuel, pollets,
$AN-Th (el matertals having hipgh  pamna-vay

mixed-oxfide
application

hackprounds,  and
namploy 7 A

more recently even
second important

of active neutron cofneldonce counting (8 the
Uranfrun Neutron Coineldence Collar  (UNCL,  nee
Fipg. 11).  The UNCL ean he operated in both the
active and the passtve mode to measure 230
and  the 7184 content . respectively, of both
PWR and BWR TEpht cwater reactor assenhl foy In
the active mode a low fetensity (5 x 104
n/s) Ambl neation womee Intertopates the  tael



The Coincidence Collar

a PWR rfuel assembly

Uranium Neutron
shown here measuring
The "'"NCL can be operated in both the active
passive mode to measure 35 and YWy
respectivelv. of both PWR and BWR light-water
assemblies The 38y response sensitivitvy
detection of the removal or substitution ot 1.4
a PWR assemblv and one rod (n a BWR assemblv.

Figure L.
(UNCL)Y s
MOCKUp .

and the
sonrtent,
reacror
endbles
rods an

and the
tissfon) are
no interrogation
neutron

assembly,
Fan ) 5(:

Induced prompt
coincidence
source {4

coinctidence
spontancous fission)
30 in the fuel.
sftivity enables
subst{tution of

(trom
When
passtve
238y
the
sen-
or
and

neut rons
counted,
present, the
rate (from
pives a measure of
The 3% rpe.ponse

detection of the removal
3.6 rods In a PWR assembly

one rod in a BWR assembly.
The  so-called  #%2¢t shuttler?®  {llustrates
the application of active neutron  fnterrogation

topethier  with delaved neutron  respoase measuare-
ment s, The heatt  of the "G shattler s an
atmlar neatron detector inte whicn the sample to
be assaved fs placed, A lavge %90t source (107
to 10V oy e repetitively  eveled (Ushalfled™)

fnta and out of  the detector cavity repfon to
frradiate  the sample and donduee tlssfons in the
ST present Between swecensuive 5901 pention
irvadiations the detector s pated "on" to count
Aol aved nevtrons from the  (nduyeed 2900

tfantnneyg Properly  caltbrated, this  delayved
natran sipnal  then provides a measure of  the
mant ol YNy the sample The  shaffler
Cechinfgue haw heen adapted  to differert  meas

arement prablems el contalner sicen trom amall

ol ot

Lot ene, e an

SO0 § Shuatt e

s e,

A el oy dy s

meaconte hibphly et bonet fae

such as I[rradiated fuel and reprocessing waste,

Lecause the 252Cf source strength can be
increased somewhat to override the background
radiation. Fig. 12 illustrates a ?*2Cf

shuffler system installed at the UK prototype

fast reactor reprocessing plant in Dounreay
Scotland under a joint evaluation project
between the U.S. and the U.K. The shuffler

system has been used nearly continuously over
the past five years for the assay of plutonium
in hot scrap and leached hulls (fiom spent fast
reactor fuel) in the head end of the
reprocessing plant. In several applications in

the U.S. as well as in Dounreay, the shuffler
has been built into an existing hot cell, and
the shielded source "storage position" 1is
located in the center of the existing cell
walls. Another large ?28%2Cf shuffler system
has been installed at the Fluorinel and Fuel

where it is
“issile assay of irradiated,

Stovage ("FAST") Facility in Idahc,
in routine use for

highly enriched uranium fuel assemblies (with
assay precisions of 2-3%). 2°

The 282Cf shuffler systems Jjust noted
provide yet another practical example of the

common technology "roots" of nuclear fission and
nuclear safeguards; 1.e., the unique
characteristics of fission delayed neutrons
(decay group periods, abundances, and absolute

fission ylelds) that pace the fission chain
reaction and enable the precision control of
nuclear reactor kinetics are the very same
unique delayed neutron characteristics that
provide the inclsive "signatures" required for
ALIEORNIUM SHUKFFLE
[ ] : Pte (A P O N B ERR SN

AR ) PkN L

L
L
o ‘I )

ORI L e stk

HANKE Y
HE)ATIVE 10 1A MDD R
N T
iy WAL
A AN,
N}
" de
. 311 BN )
A e
e ! ’ Ch em e
- oA aATE * N ok}
.
Pigure 10 Pl Ny Shattler uved tor nedtton

cnterrogat ton and delaved nection assav of plutonium an

Dched halls ctrom spent tast reactor tueld) in o the
Head  ood ot repmrocessing  plant the Shattise can
e he used  teg routine precision aseay ot W
bt g arradiated highly entiched araniam bl

v e



accurate delayed neutron assay of fissile
materials for safeguards.
Finally we cite an active mneutron

interrogation system that utilizes not delayed

neutron but delayed gamma-ray response:. the
automated 257Cf fuel rod scanner, developed
early in the Los Alamos Safeguards R&D
program, is used for quantitative assay of
both light-water-reactor and fast-breeder-
reactor fuel rods. The fuel rods are irradiated
with a 2s2cE neutron source to induce
fission in the tissile fuel (?3%U or
239pu) loading of the rods. Measurements on

the delayed gamma rays from induced fissions 1in
the fuel rods are then used to determine
pellet-to-pellet uniformity of loading, and
total fissile content; i.e., grams 238y  or
239py. to better than 0.5% accuracy. Fuel
rod scanners are today widely used --for process
and quality control, as well as material
accounting and control-- in commercial nuclear
fuel manufacturing plants {n many countries.

Many of the {instruments described in this
paper exemplify an {important trend in NDA
instrumentation development, namely

compurterization and standardization of
measurement equipment and procedures for
sateguards inspection and verification. Insofar
as possible the new, "intelligent" NDA
instruments are equipped with software programs
for performance self-diagnostics, calibration
and measuvrement quality control. Some
fnstrumen.s  such as the Portable Mini-MCA, also
feature {oteractive-display prompting of the
user (e.g., safeguards inspector) through the
proper detailed measurement procedure, and
perform all necessary calculations to give
direct on-the-spot measurement and verificatlion
results. These "intelligent" NDA {nstruments
ofter many important advantages {n fleld
pertormance  (e.g. by [AEA fuspectors), {n new
vquipment acceptance and inspector training, as
well as signiticantly reduced equipment
maintenance and fleld-logistics problems,

Much of the current NDA development efforc
ts dirvected toward modifying and improving
existing techniques; e.p.. imroved methods for
neutron multiplicatifon correction, pamma-ray
peak area evaluation, and gamma-ray attenuatlon

well as
the

fn heteropgencous
development  and

materfals, as
fmprovements  in

ongo lng,
important

NDA area ol calovimetrice assay  techniques and
procedutes, 10 One  example  of work on new
technfque  development  is the application of
Laser-induced breakdown spectroscvopy o
hiph sensitivity measarements of flowing uranium
and plutonluam solutfons as well as to
hiphlv-radiosctive wolutfons ¥9 Cleavly a
key area of onpoing concern {n safepuards R&D
fu the development  and tield fmplementat fon  of

atd calibratton
determinat fon of

standards
the

pood measurement

proceduates . atd aceurale
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bias and precision for NDA techniques.
Noteworthy 1in this connection is the wuse of
Monte Carlo simulations®! to determine cali-

bration parameters for neutron coincidence assay
of mixed oxide fuel elements, and the potential

for more effective, less costly {inspector
verification of finished reactor fuel elements
by redicing reliance on expensive physical
standards.

In addition to transportable and in-plant

NDA systems for quantitative measurement of SNM,
there also is an active ongoing effort in the
development of rugged, hand-held instruments for
use by relatively untrained personnel for search
and detection of special nuclear materials. For
instance, two recently developed {instruments
provide the cepability for direct, on-the-spot
verificicion of the presence or absence of
certain sonsitive nuclear materials,.3? One
instrument uses a OSL{I(Eu) scinti{llator and
pulse-height analysis to verify the presence or
absence of plutonium by measuring neutrons
emanating from a container surface. The other
instrument uses an LED-stabilized NalI(T1l)
scintillator and three single-channel analyzers
to measure and strip Compton background from a
gamma-ray peak or reglon of interest to verify
that certain isotopes of plutonium or particular
enrichments of uranium are present or absent.
These new instruments ere lightweight, have low
power requirements, and are easily operated in
the field by nonspeclalists.

The nation’'s Safeguards R&D program is
committed to the development and application of
state-of-the-art NDA {instruments, technigues,
and systems to meet the requirements of
government and commercial nuclear faci{lities, as
well as the needs of safeguards inspection
authorities, both domestic and international. A
highly productive cooperative R&D effort between

fnstrument developers, safeguards systems
analysts, and materials processing experts |is
actively ongoing today with the overall

objective of developing integrated
"near-real-time" materfal accounting und control
systems for demonstration, test and evalvation
{n varifous facility types. A timely case {n
point is the recently {installed {integrated
system of automated NDA {instrumentation
(gamma-ray spectrometers supplied by Livermore,
noutron coincidence counter by Los Alamos, and
valorimeters by Mound Laboratorfes) for nuclear
materials ascounting and process contro! {n the
new plutonfum scrap recovery facility at the
U S. Department. of Energy's Savannah River Plant
in South Carolina (See Fig. 1), The entire
integrated NDA system s presently underpoing
full -scale test and evaluation at the Savannah
River recovery facility,

Finally, we c¢ite
onpolng safepuards
cooperat fve activities at

one  further
technical
t he

example  of
support and
fntoernat fonal
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level. Under a formal US-Japan agreement for
cooperation in the peaceful uses of nuclear
encrgy, a number of NDA instruments ave
currently being develeoped by the US Safeguards
R&D program in cooperation with the Japanese FNC
(Power and Nuclear Fuel Development
Covporation); these instruments will be used for
in-line measarement of mixed oxide (MOX) fuel in
the new, large (5 ton MOX/year output) Plutonium
Fuel Production Facility (PFPF) at Tokai Mura,
Japan,33 The PFPF  facility will supply MOX
tuel for Japan's fast breeder reactors, MONJIU
and JOYO, as well as future plutonium-recycle
light water veactors. NDA Instruments to be
fnscalled in the PFPF will measure feed
materials, process materials, fuel pellet
fabrication, handling and transfer, fuel pins in
trays, completrd MOX fuel assemblies, as well as
process-line holdup, scrap and waste, All
material handling and processing operations are
carried out bv automated, remote control so that
all the in-process MOX material is, in effect,
confined within a sealed "containment envelope”
from the input of feed material to the final
output of finished MOX fuel assemblies, The
PFPF facility represents a very significant
advancement  In modern nuclear fuel fabrication
technology and, as such, represents a
corvespondingly significant challenge and
opportunity for the development, test, and
fmplementation of state-of-the-art safeguards
techrology in a state-of-the-art high-throughput
nuclear production facility.

Notwithstanding the {mpressive progress that
has bheen made in safeguards technology develop-
ment  and implementation, ft {8 patently clear
that the effectiveness of nuclear safeguards
depends not only on technology and hardware,
but also on the people {uvolved --both the
safepuards  inspectors and the “inspectees" in

nuclear facilities, As In all human
endeavors, the actual foplementation of
cffuective and  workable  sateguards  must be
carried out by people - .and moreover by
qualitled people with the requisite tralving,
knowledge, and motivation, Toward this

absolutely esdential goal of efftective
safepuards training ang techhology transter, the
Unfted States has led the way tn developlng and
conducting over a dozen salegu rds  training
courses  each year teo tnspectors and satupguaras
professitonals from throuphout the Unfted States
and countries around the world. Indlcative of
the  dwportance attached to satepuards tralning,
and technolopy transter, sfnce 1980 overy new
TAEA  (lnternational Atomic Enerpy Apency)
tuspector has been tequited to complete the Loy



Alamos NDA training course for TAEA inspectors.

To date this has involved a total of some 400
IAEA peopie.
Effecrive operarion of the overall

international safeguards regime depends not only
on a well trained TAEA inspectorate, but also on
the effectiveness of the State (i.e., national)
safeguards systems whose performance the
international system must independently verify.
It {s therefore essential to have In place an
ongoing program of training and technology
transfer for key personnel in Member States who
are responsible for the State’'s safeguards
system (including, of course, safeguards at the

State's nuclear facilities), and for the
interface between the State system and the
T1AEA, The need for steadily improved State

Systems of Accounting tor and Control of Nuclear
Material ("SSAC") led to the series of IAEA
Basic SSAC Training Courses that were begun by
the Agency in 1976; in recent years these have
been strongly augmented by SSAC {mplementation
courses glven alternately in the U.S. and in the

USSR, hoth {n close collaboration with the
TIAEA. The 1988 SSAC course (focusinpg on
discrete {tem facilities) was convened November
14-26, 1988, at Tashkent, Uzbekistan, in the
USSR. It i{s followed {n the USA by an advanced
SSAC course (focusing on bulk handling

facilities) held in Los
Mexico and Richland,
1989 (See Fig. 1l4),

Alamos/Santa Fe, New
Washington, from May 1-19,
Course participants include

a total of 24 course attendees (trainees) from
the
EURATOM Safcguards

20 nations,
TAEA

aud 32 lecturers from 7 nations,
in Vienna, and the

..u,

-
dlimm

IM

Directaorate in Luxembourg. Many years of
experience have shown that the SSAC and TAEA
inspector courses as well as other international

and domestic safeguards training courses
contribute not only to the technical
effectiveness, acceptance, and credibility of
safeguards, but also help to build a spirit of
cooperation, mutual confidence, and a shared
sense of professional commitment among
safeguards professionals from around the world.
By 1{ts very nature and mission, the safeguards

profession tends to engender a common dedication

to the challenge of nuclear safeguards and
nonproliferation in the nuclear age whose 50th
anniversary 1is commemorated in this historic

international conference.

Concerning the nuclear age and prospects for
the future, 1 would offer a general observation
that the TAEA's unique world-wide safeguards
inspection and verification experience can
provide a useful guldeline for development and
evaluation of possible future international
verification systems, as for example in the
sensit{ve and pivotal area of nuclear arms
control. As IAFA Director General Hans Blix has
pointed out in reference to IAEA safeguards, the
success of this first bold experiment in
institutionalized {international verification
could serve as an insplration and valuable
guideline for developing needed verification and
control measures in the context of nuclear
disarmament--or conversely, should international
safeguards be perceived to falter, this could be

a significant setback In the prospects for
nuclear arms control, With US-USSR
Figure 14, The most recent in the
ongolng series of International

Tralning Courses on Stete Systems
of Accounting For and Control of
Nuclear Materials was held May

1.19, 1989 In the USA at lLos
Alamos/Santa Fe., N. M. and
Richland, Wash. Course partict-
pants, shown in this group
photograph, Include 24 course
tralnees from 20 nations, and 12
lecturers from / natlons, the

1AKA, and the EURATOM Safeguards
Directorate in Luxembouryg.




implementation of the INF treaty already well
underway, and reasonable pro,spects for further
productive arms control acgotiations, it seems

abundantly clear
technology, suitably
destined to play a key

that modern safeguards
adapted as necessary, is
role in the achievement

of effective verification of nuclear arms
control agreements, of whatever type the future
may bring.

The preparation of this review naturally
involved extensive rcflection on the history of
nuclear fission and the consequent emsrgence
of the 1issue and +the discipline of nuclear
safeguards; in the course of all this
reminiscing I could not help but recall, with
nostalgia and pgratitude, the many outstanding

friends and associates who provided inspiracion,
guidance, and suppert at various stages along
the way. Although it would be Iimpossible to
name all those to whom I am thus indebted over
the years, this unique 50th Anniversary
Conference affords a very special opportunity to
express my debt of gratitude to both »nf our
distinguished Couference Co-chafrmen: to
Professor Emilio Segre. mv postdoctoral advisor
and sponsor at Berkoley {n the early 1950s,
to Proftessor Glenn Seaborg who, as AFC Chairman,
helped ensure establicsqment ot the nuclear
salepuards  R&D program  at Alamoes over two
ago. It has been a great privilege for
for many of us in the puclear field, to
with both ot these great
selentist -pifoneers ot nuclear fissior,

and

Los
decader
me,  as

be assoclated
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